We have identified and characterized an N-acetylgalactosamine 4-O-sulfotransferase 
Introduction
Sulfated carbohydrate structures have been shown to play important roles in a large number of different molecular interactions including: symbiotic interactions between plants and nitrogen-fixing bacteria 1 , homing of lymphocytes to lymph nodes 2 , control of the circulatory half-life of the glycoprotein hormones LH and TSH 3;4 , binding of growth factors by proteoglycans [5] [6] [7] , and triggering preferential neurite outgrowth 8 . HNK-1, an example of such a sulfated glycan, has the structure SO 4 -3-GlcAβ1,3Galβ1,4GlcNAc-R and is found at the non-reducing termini of glycoprotein and glycolipid oligosaccharides 9;10 . The structure was first identified with monoclonal antibodies as an epitope on human natural killer cells 11 . The HNK-1
epitope is a hallmark of many neural recognition molecules and displays phylogenetic conservation 12 , highlighting its functional importance. It is expressed in the central and peripheral nervous systems during development and regeneration 13;14 , and has recently been recognized to be a crucial player in synaptic plasticity involving inhibitory interneurons in the hippocampus 15 . HNK-1 is also a predominant autoantigen in demyelinating diseases of the peripheral nervous system 16 .
Expression cloning of the rat and human sulfotransferases responsible for synthesis of the HNK-1 epitope revealed the presence of two sequence motifs that are associated with 3'-phospho-adenosyl-5'-phosphosulfonate (PAPS) binding 17;18 and are common among all sulfotransferases cloned to date [19] [20] [21] . Despite the presence of these motifs, HNK-1 sulfotransferase shows only limited similarity to other sulfotransferases outside of the PAPS binding regions. Nonetheless, three additional The forward primer 5'-GGG AGA GTG GAG AAG AGA AGA GAA C-3' and the reverse primer 5'-AAG CCA ATC CAT TTA GTA CCA TCA GA-3' were used to amplify a 595 bp fragment (nts at position 211-805 in the GalNAc-4-ST2 cDNA) including the putative start codon from first-strand cDNA produced from 100 ng of total RNA obtained from a human glioma and the human kidney 293 cell line using Omniscript ® RT (Qiagen). An additional 38 bps (designated exon 4 in Fig. 3) were present in this product when compared to GalNAc-4-ST2(Met86) and shifted the stop codons located 5' out of the reading frame of the putative translation start site.
Similarity searches identified a bovine EST (GenBank TM accession no. BE724107) with sequence homology to the 5' end of the amplified fragment, allowing us to cDNA. Primer pairs derived from exonic sequences were designed and used to amplify the full-length GalNAc-4 ST2 sequence shown in Figure 1A (GenBank Figure 3 was deduced by comparing the cDNA of GalNAc-4-ST2 with these genomic sequences.
7 the human I.M.A.G.E. cDNA clone 49547 using the 5'-specific primer 5`-GCG GAT CCG CCA CCA TGC CTG AGG ATG TAC GAG AA-3`(contains an BamHI site, consensus Kozak sequence GCCACC, and a start codon) and the same 3' primer that was used to obtain GalNAc-4-ST2, above. PCR reactions were carried out using PfuTurbo® polymerase (Stratagene) with 35 cycles of a reaction consisting of 45 s denaturation at 95°C, 60 s annealing at 55°C, and 60 s of elongation at 72°C. The PCR fragments had the expected lengths of 1332 bp and 1077 bp, respectively, and were directionally subcloned into the eukaryotic expression vector pcDNA3.1 (Invitrogen).
Transient Expression of GalNAc-4-ST2 and GalNAc-4-ST2(MET86).
CHO/Tag cells were transfected with 13 µg of pcDNA3. 
RESULTS

Identification of a human cDNA related to HNK-1 ST and GalNAc-4-ST1.
We recently identified and characterized a human GalNAc-4-O-sulfotransferase, GalNAc-4-ST1, 24 based on its homology to the HNK-1 ST that transfers sulfate to GlcAβ1,3Galβ1,4GlcNAc-R to produce the HNK-1 epitope SO 4 -3- 
Genomic organization and chromosome localization of GalNAc-4-ST2.
BLAST similarity searches of the High Throughput Genomic Sequences (htgs) and the non-redundant data set were performed using the GalNAc-4-ST2 cDNA sequence and retrieved multiple matching sequences (see "Experimental Procedures"). Among the genomic clones retrieved GenBank TM accession no. AP001272 and AP001087
were both annotated to be mapped on chromosome 18q11.2. Comparisons between the cDNA and the genomic sequences AC009872, AC023575 and AC010854 showed that the coding region of GalNAc-4-ST2 is distributed over five exons (Fig. 3A) . The size of the untranslated regions of exon 1 and exon 5 have not yet been determined.
As noted above, GalNAc-4-ST2(Met86) does not contain exon 4. Synthesis of GalNAc-4-ST(Met86) is therefore initiated from the alternative start codon located at amino acid position 86 of GalNAc-4-ST2 producing a protein that does not have a transmembrane domain (Fig. 3B) . Each of the exons identified, including exon 4, was found to have conserved donor and acceptor splice sites (Fig. 3C ).
GalNAc-4-ST2 transfers sulfate to terminal 1,4-linked GalNAc on Nlinked oligosaccharides.
Since GalNAc-4-ST2 is closely related to GalNAc-4-ST1, the specificity of GalNAc-4-ST2 for saccharides terminating with β1,4-linked GalNAc was examined using the substrates shown in Table I . pcDNA3.1-GalNAc-4-ST2 was transfected into CHO/Tag cells and cell extracts prepared for analysis. Like
GalNAc-4-ST1,GalNAc-4-ST2 transfers sulfate to GalNAcβ1,4 GlcNAcβ1,2Manα-MCO and to GalNAcβ1,4 GlcNAcβ-MCO. GalNAc-4-ST2 does not transfer sulfate to either Galβ1,4GlcNAcβ-MCO or GlcNAcβ1,2Manα-MCO (Table I) GlcNAcβ1,2Manα-MCO.
We also examined GalNAc-4-ST2 for its ability to transfer sulfate to glycoproteins bearing N-linked oligosaccharides terminating with the sequence GalNAcβ1,4 GlcNAcβ1,2Manα such as are found on the glycoprotein hormones LH and TSH 37 and carbonic anhydrase VI (CA-VI) 33 . GalNAc-4-ST2 transfers sulfate to bovine CA-VI isolated from parotid gland and to bovine LH ( were used to determine the expression pattern for GalNAc-4-ST2 in human tissues ( Fig. 8 and Fig. 9 , respectively). A strong signal was obtained for the trachea with the human Multiple Tissue Expression (MTE TM ) array system when probing with radiolabelled GalNAc-4-ST2 cDNA (Fig.8, 7H ). Significantly weaker signals were detected in the following tissues listed in order of decreasing intensity of hybridization signal: fetal lung (G11), adult pancreas (B9), testis (F8),and salivary gland (E9) stronger than pituitary gland (D3), apex of the heart (H4), lung (A8), prostate (E8), and mammary gland (F9) stronger than heart (A4), liver (A9) and the spinal cord (E3). Even though the signals did not reproduce well and could not be quantitated by densitometry, they are considered specific since the negative controls showed no visual signal (Fig. 8, 12A-H) . In addition, a specific species of mRNA could be detected by Northern blot analysis in a number of the tissues that provided a weak signal by array analysis (Fig. 9) . A transcript of approximately 2.1 kb was detected by Northern blot analysis in heart, liver, and pancreas, with a significantly lower signal in lung.
Discussion
We and others recently reported the cloning and characterization of a GalNAc- and GalNAc-4-ST1 have the highest percentage of identical amino acids with 46%. In contrast, C4ST-1 and C4ST-2 have 29% identical amino acid residues. The multiple sequence alignment in Figure 2 indicates that GalNAc-4-ST2 is 23% identical to HNK-1 ST, 27% to C4ST-1, and 24% to C4ST-2.
The specificities of the members of the HNK-1 sulfotransferase family are summarized in Table II Tables   Table I . Position   440  430  420  410  400  390  380  370  360  350  340  330  320  310  300  290  280  270  260  250  240  230  220  210  200  190  180  170  160  150  140  130  120  110  100  90  80  70  60  50  40  30  20  10 
